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ments remains elusive. Recently, we demonstrated that heme-induced confor-
mational changes in the GR are not additive to Ca2þ-induced structural
rearrangements (Yusifov et al., BPS meeting 2010), posing a question about
the extent of similarity in the mechanical operation of the GR upon Ca2þ or
heme binding. To address this question, we analyzed the conformational states
of apo-GR and Ca2þ- or heme-bound GR by characterizing dynamic fluores-
cence quenching by acrylamide, a quencher of the excited state of accessible
native tryptophan (Trp) residues. The time-resolved Trp fluorescence
(lex=296 nm, lem=340 nm) of apo-GR and ligand-bound GR with the progres-
sive addition of acrylamide (up to 0.4 M) was recorded. Acrylamide addition
resulted in the reduction of the mean Trp fluorescence lifetime (calculated
from three-exponential iterative fittings) of apo-GR (t0=2.7450.05ns to
t=1.550.1ns), Ca2þ-bound-GR (t0=2.150.02ns to t=1.2750.021ns) and
heme-bound-GR (t0=2.150.1ns to t=1.050.05ns). The acrylamide-Trp bi-
molecular quenching constants (kq) were extracted from Stern-Volmer plots
of t0/t vs. [acrylamide]. Supplementation of saturating [Ca
2þ] (35 mM) or
[heme] (700 nM) increased kq from 8.40108 M1s1 (apo-GR) to
1.19109 M1s1 and 1.95109 M1s1, respectively. The increased effi-
ciency of Trp quenching by acrylamide in the ligand-bound GR implied
that native Trp residues were more accessible to the quencher, supporting
ligand-induced conformational changes. Since different kq values were de-
rived from the two ligands, it is likely that Ca2þ and heme binding induced
the GR to adopt different conformational states. We propose that the two li-
gands can modulate BK open probability through distinct intramolecular sig-
nal transduction pathways.
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Phosphoinositides, in particular, phosphatidylinositol 4,5-bisphosphate (PIP2),
are known regulators of numerous ion channels and have been implicated in
cellular processes such modulation of the actin cytoskeleton, cell migration
and vesicle trafficking. Recently, it has been shown that PIP2 modulates BK
channel activity through a direct interaction with its cytoplasmic domain (Vai-
thianathan et al., 2008). To understand the molecular nature of this modulation,
we expressed and purified the region of the human BK channel C terminus
(322IIE...ALK1005) corresponding to the Gating Ring (GR) apparatus, which in-
cludes the Regulators of Kþ Conductance (RCK1 and RCK2) domains, and the
RCK1-S6 linker. Using steady-state and time-resolved fluorescence spectros-
copy, we have investigated the effects of the soluble PIP2 form (PIP2-diC4
and PIP2-diC8) on the conformational properties of GR in physiologically-
relevant conditions. These lipids quenched the Tryptophan (Trp) fluorescence
of GR in a dose-dependent and saturable fashion (Khalf = 2150.88 mM; n =
2.350.094), suggesting PIP2-mediated conformational changes. PIP2 did not
cause appreciable changes in the fluorescence intensity of a Trp analog
(NATA, 5 mM). Similarly, a solution containing the purified RCK2 domain
(665HDP...ALK1005) was largely insensitive to PIP2 up to 62 mM. The fluores-
cence lifetime of Trp residues was reduced by the addition of PIP2-diC8 (tavg
from 2.3 ns to 1.5 ns, PIP2 62 mM), revealing the dynamic nature of PIP2
quenching of the Trp residues. Moreover, PIP2-diC8 significantly reduced
the fluorescence intensity of GR complexed with ANS (8-Anilinonaphtha-
lene-1-sulfonate), suggesting that the structural rearrangements caused by
PIP2 may correlate with a decrease in the surface hydrophobicity of the GR.
In summary, the BK GR appears to be sensitive to micromolar PIP2. The cor-
responding structural changes in this sensor may represent the elementary steps
of the BK channel lipid modulation pathway.
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BK channel activation is sensitive to the membrane potential by virtue of trans-
membrane helix bundles assembled into voltage sensor domains (VSDs). TheBK VSDs are unique among related voltage-gated channels, in that they pos-
sess an additional, non-conserved, transmembrane helix S0, which does not
carry sensing charges, but associates closely with S4. We have previously re-
ported that the extracellular portions of S0 and S4 diverge upon activation (Pan-
tazis et al., 2010). We are testing the hypothesis that S0 offers mechanical
support for the activation of S4, such as a fulcrum does to a lever. To test
this hypothesis, we introduced mutation M30P, predicted to introduce a kink
near the middle of the putative S0 a-helix.
M30P mutants exhibited voltage-dependent activation shifted to a significantly
more depolarized (>150 mV) potential, while the timecourse of activation was
also reduced by two orders of magnitude. M30P did not prevent b2-dependent
inactivation, implying that it produced a subtle, rather than a gross, structural
perturbation. However, since M30P did not neutralize sensing charges, the ob-
served effects in voltage dependence and activation timecourse must have been
due to a structural / mechanical perturbation. On contrast, mutation M30W,
which introduces a bulkier residue but is predicted not to disrupt the a-helicity
of S0, did not to perturb channel activation, in agreement with a previous inves-
tigation (Koval et al., 2007).
Voltage sensing is an electromechanical process, requiring both charged resi-
dues to sense changes in the membrane potential, and a mechanical actuation
that facilitates gating. Given the decentralized distribution of BK voltage-
sensing charges in S2, S3 and S4, we suggest that S0 acts as a mechanical com-
ponent that is unperturbed by membrane potential changes, but is essential to
direct the motion of S4, to productively facilitate channel activation.
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Like many transmembrane voltage-activated proteins, BK channels possess
conserved voltage-sensing domains (VSD) which activate upon membrane de-
polarization. VSDs are structurally and functionally associated with the chan-
nel pore domain, such that VSD activation facilitates pore opening. BK
channels are selectively blocked by Iberiotoxin (IbTX), a peptide component
of scorpion venom which binds to the BK pore domain, preventing Kþ flux.
To elucidate the allosteric consequences of toxin binding to the BK channel
pore, we probed the operation of the BK VSD using cut-open oocyte voltage
clamp fluorometry, whereby a fluorophore labeling the BK VSD helix S0 re-
ported the conformational rearrangements, and therefore the state of activation,
of the VSD. This was performed in conducting channels, as well as channels
blocked by external IbTX (10 mM) perfusion. The blockade regime caused
a >95% decrease of macroscopic Kþ conductance and an apparent functional
impairment of the VSD, as suggested by the half-activation shift to depolarized
potentials by ~35 mV and effective charge reduction by ~20%. Since IbTX is
a BK channel pore blocker, we propose that the observed impairment of the
VSD must be due to the allosteric coupling between the pore and the voltage
sensing domains. To test and quantify this interpretation, we used a statisti-
cal-mechanical model of BK channel activation, which accounted for the
blockade-induced impairment of the BK VSD by a large reduction (2.1x107
to 1.4x109) of the intrinsic equilibrium constant for channel opening at
0 mV (L0), suggesting that IbTX blockade caused the pore to ‘‘lock’’ into
a shut state, which resulted in the observed perturbation of the voltage-
sensing apparatus, mediated by the strong (75 meV) allosteric linkage be-
tween the two domains.
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The calcium-activated potassium channel KCa3.1 plays an important role in the
activation of T- and B-cells, mast cells, macrophages and microglia by provid-
ing part of the hyperpolarizing driving force for the calcium entry that is nec-
essary for orchestrating cellular proliferation, migration and cytokine
production. Using a high-throughput assay measuring calcium-activated thal-
lium influx in HEK293 cells stably expressing the human KCa3.1 channel,
we identified the benzothiazinone NS6180 (4-[[3-(trifluoromethyl)phenyl]
Webnesday, February 29, 2012 689amethyl]-2H-1,4-benzothiazin-3(4H)-one), which belongs to a new chemical
class of small molecule KCa3.1 blockers. In whole-cell patch-clamp experi-
ments NS6180 inhibited KCa3.1 with an IC50 of 11 nM via interaction with
the amino acids T250 and V275, the same residues conferring sensitivity to tri-
arylmethanes, like TRAM-34 and clotrimazole. NS6180 blocked the classic
Ga´rdos channel, the endogenous KCa3.1 channel in erythrocytes, with nearly
identical potencies (15-20 nM) in human, mouse and rat erythrocytes as mea-
sured by CCCP-reported hyperpolarizations initiated by the calcium ionophore
A23187. NS6180 exhibited excellent selectivity over other ion channels and
suppressed rat and mouse splenocyte proliferation at submicrolar concentra-
tions, whereas no effect was observed with splenocytes from KCa3.1-/- mice.
Additionally, NS6180 potently inhibited IL-2 and INF-g production, but ex-
erted smaller effects on IL-4 and TNF-a and no effect on IL-17 production.
When administered orally to rats at 3 and 10 mg/kg twice daily, NS6180 in-
hibited the development of DNBS-induced colitis and macroscopic disease in-
dices (i.e. colon and body weight development) as effectively as the benchmark
therapeutic sulfasalazine at 300 mg/kg. Based on these results we suggest
benzothiazinone-type KCa3.1 blockers as novel anti-inflammatory tool com-
pounds and potential drugs.
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We reported previously that the activity of the large-conductance calcium-
activated potassium channels (BKCa channel) could be strongly potentiated
by certain derivatives of benzofuroindole scaffold when treated from extracel-
lular side of the membrane (Gormemis et al., 2005; Ha et al., 2006). Here, we
characterized the mechanism of action of one of the most potent activators, 4-
chloro-7-(trifluoromethyl)-10H-benzofuro[3,2-b]indole-1-carboxylic acid (or
CTBIC). This compound potentiates the activity of the channel by shifting
its conductance-voltage relationship toward the more negative direction. In-
triguingly, the affinity of charybdotoxin, a peptide pore-blocker, was reduced
by the co-treatment with CTBIC, whereas that of tetraethylammonium, a small
pore-blocking quaternary ammonium, was not altered. Guided by these results,
we performed mutagenesis studies on the outer vestibule of the BKCa channel
including pore-helix and some part of inner-helix to localize the residues that
affect the binding of CTBIC. We identified ten different residues in the loop
between outer-helix and pore-helix, the loop between selectivity filter and inner
helix, and inner-helix which was strongly affected by alanine substitution. By
using homology modeling of BKCa channel and in silico docking of CTBIC, we
revealed that the binding sites of CTBIC reside in the interface between sub-
units or domains. Our results suggest that the external interface between sub-
units of the BKCa channel may play a critical role in the modulation of the
channel activity and may thus represent a therapeutic target site of BKCa
channels.
*This work was supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MEST) (No. 20110028665)
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During fast inactivation of voltage-gated Kþ channels (Kv) block of the con-
duction pathway occurs by the single-step insertion of mobile hydrophobic pep-
tide segments into the channel inner cavity. In large-conductance, Ca2þ and
voltage-dependent, Kþ channels (BK) fast inactivation is mediated by cytosolic
N-termini of accessory subunits, b2 or b3. Unlike Kv’s, BK fast inactivation
occurs in a 2-step mechanism: a binding step is postulated to precede the occur-
rence of the inactivated state. We hypothesized that, if the first step reflects
binding, it may show stereospecificity. We therefore prepared two b3a(1-21)
peptides corresponding, on one hand, to the naturally occurring peptide com-
posed entirely of L-amino acids (L-b3a(1-21)), and then a peptide containing
entirely the mirror-image D-amino acids (D-b3a(1-21)). By NMR, both pep-
tides exhibit the hallmarks of intrinsically disordered proteins. The L-b3a(1-
21) peptide fully mimics the 2-step inactivation produced by intact b3asubunits. In contrast, D-b3a(1-21) produces a 10-fold weaker block of BK cur-
rent, with features characteristic of simple block. At the single channel level,
we show that, whereas recovery from inactivation mediated by the b3a L-pep-
tide passes through the 2-step sequence, recovery from block by the b3a D-pep-
tide involves the classic single-step block behavior characteristic of the Shaker
Kþ channel. We also compared L- and D- forms of Shaker ‘‘ball domain’’ pep-
tides. In both cases, recovery from inactivation occurs identically through a sin-
gle-step mechanism. From these results two points emerge: first, binding of
intrinsically disordered domains can occur either via stereospecific interactions
(BK) or non-specifically (Shaker); second, the requirement for stereospecific
binding in BK channels may relate to the large dimension of the BK inner
pore such that stereospecific binding facilitates an unstructured domain to reach
the blocking position.
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Stimulation of cyclic nucleotide signaling pathways leads to activation of the
large conductance voltage- and Ca2þ-activated Kþ (BK) channels, thereby in-
hibiting urinary bladder smooth muscle (UBSM) contractility. We tested the
hypothesis that nonselective inhibition of phosphodiesterases (PDEs) with 3-
isobutyl-1-methylxanthine (IBMX) can reduce guinea pig UBSM phasic con-
tractions by stimulating the BK channel activity.
In UBSM isolated strips, IBMX (10 mM) significantly reduced the spontaneous
phasic contraction amplitude, muscle force integral, duration, frequency, and
tone by 74%, 95%, 50%, 55%, and 32%, respectively (n=8; P<0.05). IBMX
also significantly inhibited carbachol- and electrical field stimulation-induced
contractions (0.1-100 mM). The inhibitory effect of IBMX on UBSM contrac-
tility was attenuated by the BK channel selective inhibitor, paxilline (300 nM).
Using the perforated whole-cell patch-clamp technique on freshly isolated
UBSM cells, we established that IBMX (10 mM) increased the transient BK
currents (TBKCs) frequency by 97% at40 mV (n=6, P<0.05). In the presence
of 30 mM ryanodine, 100 nM thapsigargin, and 1 mM nifedipine, the steady-
state whole-cell current evoked by stepping from 70 mV to þ60 mV was
13.251.8 pA/pF in the absence of IBMX and 18.552.4 pA/pF in the presence
of 10 mM IBMX (n=7; P<0.05). In current-clamp, 10 mM IBMX hyperpolar-
ized the resting membrane potential by ~8 mV and the subsequent addition
of 300 nM paxilline reversed the IBMX-induced membrane hyperpolarization
(n=7; P<0.05). Pretreatment of UBSM cells with paxilline (300 nM) abolished
the effects of IBMX on BK channel currents and cell membrane potential (n=7;
P>0.05).
In conclusion, nonselective inhibition of PDEs with IBMX effectively reduces
guinea pig UBSM excitability and contractility through direct BK channel ac-
tivation, increase in TBKCs frequency, and cell membrane hyperpolarization.
Supported by NIH DK084284 & DK083687 to Georgi V. Petkov
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Alternative splicing generates considerable functional diversity of large con-
ductance calcium- and voltage-activated potassium (BK) channels. For exam-
ple, inclusion of the STREX (STRess-activated EXon) insert into the
unstructured cytosolic linker between the two RCK domains of the channel
generates a cysteine rich domain (CRD) that confers intrinsic hypoxia sensitiv-
ity to the channel [1].
We have utilized YFP-mCFP fluorescent fusion proteins of the CRD and ex-
ploited these to examine conformational rearrangements in the CRD in re-
sponse to hypoxia and redox agents using fluorescence lifetime imaging
microscopy (FLIM). The fusion protein, expressed in HEK293 cells, is targeted
to the plasma membrane and responds to acute hypoxia (10 minute exposure at
<5% oxygen) with a significant shift in fluorescence lifetime distribution. Pre-
treatment with the oxidizing agent DTNB (1mM) appeared to cause a shorten-
ing in the lifetime distribution that did not block the hypoxia induced shift in
fluorescence lifetimes (n=4 for each). Treatment with reducing agents NEM
(1mM) or sodium sulfide (1mM) did not lead to significant changes in fluores-
cent lifetime nor did they block the hypoxia response (n=3-5 for each). The
